Two experiments were conducted to study the role of feed intake and feed efficiency in Custimulated growth of weanling pigs. In Exp.
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ZHOU be a result of enhanced feed intake, because voluntary feed consumption is a limiting factor for the growth of pigs (Pekas, 1985; Pekas and Trout, 1990) . This hypothesis was supported by the fact that Cu supplementation generally increases feed intake (Hedges and Kornegay, 1973; Edmonds et al., 1985; Burnell et al., 1988; Kornegay et al., 1989) . Moreover, intravenously injected Cu has been shown to stimulate the secretion of neuropeptide Y (Pau et al., 19861 , which is a known feed intake stimulant for pigs (Forbes, 1989) .
Recently, a commercially available Cu complex, Cu lysine, was evaluated as a growth promoter for pigs and seemed to be equally effective at a lower level than Cu sulfate (Coffey et al., , 1993 . Copper lysine is believed to have a chelate structure that could facilitate absorption. A comparison of the growth-stimulating actions of Cu lysine and Cu sulfate may be helpful in understanding the mode of action of Cu in promoting growth.
This study was designed to assess the role of feed intake in Cu-stimulated growth and to compare the effectiveness of Cu sulfate and Cu lysine as growth promotants.
Materials and Methods
Animals, Management, and Diets. Crossbred weanling pigs (two pigs per cage) were housed in cages (.61 m x .91 m ) with plastic-coated, welded wire flooring in environmentally controlled rooms. Temperature was maintained at recommended levels (Hinkle et al., 1978) and rooms were designed to provide 13.5 air changes per hour.
In Exp. 1, pigs ( n = 42) were fed a basal diet (Table 1 ) during a 7-d adjustment period after weaning and then were used in a 14-d trial. Pigs (average BW, 8.9 kg) were assigned to three treatment groups from outcome groups based on weight and gender. Littermates were balanced across groups. There were seven pens (one gilt and one barrow per pen) per treatment. Group 1 (control) pigs had ad libitum access to a 20% CP corn-soybean meal-dried whey diet (Table 1) . Group 2 (ad l i b i t u d c u ) pigs were allowed ad libitum access to the basal diet supplemented with 215 ppm of Cu (upon analysis of feed) as CuSO4. Group 3 (pair-fed/Cu) pigs were offered the Cu-supplemented diet a t the same consumption levels as the control pigs (pair-fed to the control). Daily feed consumption was recorded by subtracting orts from the amount of feed offered. Pigs were weighed and blood samples were taken via anterior vena cava puncture at d 7 and 14.
All male pigs ( n = 2 1) were killed by electrocution and exsanguination at the end of the trial for tissue collection. The liver, brain, and thyroid glands were removed, cleared of surrounding connective tissues, weighed, and frozen at -20°C for later analysis. Pituitary glands were collected and frozen immediately with liquid nitrogen and kept at -80°C until analysis for growth hormone mRNA.
In Exp. 2, pigs ( n = 96, all males) were given a 5-or 6-d adjustment period before the start of the experiment. In the first 3 d of the adjustment period, the pigs were fed a commercial weanling diet (minimum 20% CP, minimum 9% crude fat, maximum 1% crude fiber, and a total content of 265 ppm Cu, 156 ppm Zn and 247 ppm Fe [Carl S. k e y Inc., Lewisburg, OH]). A 20% CP adjustment diet containing 10.1% whey (Table 2 ) was fed for the last days of the adjustment period. After the adjustment period, pigs (average BW, 6.8 kg) were assigned to treatments from outcome groups based on weight. Littermates were balanced across treatments. A 2 x 2 x 2 factorial arrangement of treatments with two levels of Cu ( 15 or 200 ppm), two feeding levels (ad libitum vs restricted-feeding), and two Cu sources (Cu sulfate or Cu lysine) were used. The lysine concentration of all diets (Table 2 ) was equalized at approximately 1.26% by supplementing varying amounts of crystalline lysine.
The following formula was used to estimate the expected energy requirement of the pigs (NRC, 1988) 
The average BW of pigs receiving the control (lower Cu) diet for each replicate was used for calculating the DE requirement of pigs for that replicate. An amount of feed equal to 85% of the energy requirement was fed to the restricted pigs. This formula, however, overestimated the feed consumption of the ad libitum pigs; therefore, the daily amount of feed for restricted pigs was adjusted every 3 d based on the consumption of the ad libitum pigs. Blood samples were taken from the anterior vena cava, initially and every 6 d. Serum samples were prepared and stored at -80°C until analysis for Cu and mitogenic activity. After d 24, the experiment was terminated and 48 of the 96 pigs were killed by electrocution and exsanguination. The liver and brain were weighed and frozen at -20°C for later analysis. Pituitary glands were frozen at -80°C for RNA analysis.
Mineral AnaZysis. Serum samples were diluted with distilled water and Cu concentration was measured with an atomic absorption spectrophotometer (Model 5100, Perkin Elmer, Norwalk, CT). Whole organs were homogenized with a blender. Samples of the homogenates were wet-digested with nitric acid and perchloric acid (AOAC, 1990) . Mineral contents were measured by atomic absorption spectrophotometry. Certified mineral reference solutions (Fisher Scientific, Fair Lawn, N J ) were used as standards. Dry matter contents of tissue homogenates were also determined by weight differential methodology (AOAC, 1990) .
Serum Mitogenic Activity. Serum mitogenic activity was measured by a procedure developed in our laboratory (Zhou et al., 1994b) . Serum samples were diluted to 3% with Dulbecco's modified Eagle's medium (Gibco Laboratories, Grand Island, NY). The diluted samples were filtered through . Pituita y Growth Hormone mRNA. Total RNA was isolated from pituitary glands according to the acid (guanidium) thiocyanate-phenol-chloroform extraction method of Puissant and Houdebine (1990) . Concentration of RNA was estimated spectrophotometrically. Total RNA (10 pg per sample) was then separated in 1.5% agarose gels containing 2.2 M formaldehyde (Fourney et al., 1988 An oligonucleotide probe ( 5'-AGCCTGGGC-GTTCTGGAT-3') specific for exon 3 ( n t 721-738) of the porcine growth hormone gene (Vize and Wells, 1988 ) was synthesized and labeled with 32P by incubation with [ Y~~P I A T P (Dupont NEN, Boston, MA) and T4 polynucleotide kinase (USB, Cleveland, OH) at 37°C for 30 min. The probe was then purified with a SELECTTMD G-25 spin column (5 Prime+3 Prime, Inc., Boulder, CO). Membranes were prehybrided ( 5 x SSPE, 50% formamide, 5 x Denhardt's solution, .l% SDS, and 100 pg/mL of tRNA) at the melting temperature of the probe (54°C) for 60 min. Hybridization of the membranes with the probe was carried out at 54°C with 6 x SSPE, .l% SDS, and 1 x Denhardt's solution for 24 h. Membranes were washed with 6 x SSPE, .l% SDS, and then twice at room temperature for 15 min each and then once at 54°C for 15 min. The membranes were exposed to Kodak XAR-5 x-ray film for 2 to 3 d a t -8O"C, with intensifying screens.
The autoradiogram was scanned with a 256 gray scale desktop scanner ( H P Scanjet IIP, Hewlett Packard, Mountain View, CA). The digitalized image was analyzed with software designed in this laboratory for measuring relative band intensity.
StatisticaI Analysis. Data analysis was by GLM
procedures of SAS (1990). In Exp. 1, the statistical model included treatment, and non-orthogonal contrasts were used to compare means of treatment groups. In Exp. 2, the statistical model included Cu level, Cu source, feeding methods, and their interactions. In both experiments, pen means were treated as the experimental unit for growth performance data analysis. Individual pig was the experimental unit in analyzing tissue data.
Results
Experiment 1 .
Copper feeding stimulated ADG by 20.6% ( P < . 0 5 ) for the ad libitum/Cu pigs ( Table 3) and numerically by 7.8% ( P = .25) for the pair-fed/Cu pigs. Ad libitum/Cu pigs had a 13% greater ( P < . 0 5 ) ADFI than the control pigs ( Table 3 ) . Pair feeding was successful because the amount of feed given to the pair-fed/Cu pigs was similar to the voluntary feed intake of control pigs. In all periods of the experiment, gain:feed ( GF) was not significantly influenced by treatments, but both Cu groups had a numerically higher GF than the control. In summary, the growthpromoting effect of Cu was greatly reduced when feed intake for pigs was restricted. However, it seemed that feed intake could not account for all the growth promotion obtained because the pair-fed/Cu group tended to perform better than the control in both periods, although the effect was not significant.
Final organ weight provided a measurement of organ growth (Table 4) . Liver and thyroid weights were the highest in the ad libitum/Cu group ( P < .05).
Relative liver and thyroid weights, however, were not statistically different among the three groups, which indicates that the growth of those two organs generally follows whole-body growth. Absolute brain weight was not affected by treatments, but the lowest relative brain weight ( P < . 0 5 ) was observed for the ad 1 i b i t d C u group, which suggests that brain growth is probably not correlated with whole-body growth, or that high copper inhibited brain growth. Error bars represent SE. Each mean represents 14 pigs. Control group is different (P < ,051 from the other two groups.
Serum Cu concentrations in both Cu feeding groups were higher ( P < .05) than those in controls (Table   5 ) . Also, Cu deposition in brain and liver were increased ( P < . 0 5 ) in both ad libitudCu and pairfed/Cu groups. Tissue iron and zinc contents were not affected by treatments.
Serum mitogenic activity was enhanced for both ad Experiment 2. For the entire 24-d period, ADG was 11.8% higher ( P < . 0 5 ) and GF was 6.5% higher ( P < .05) for pigs fed the high-Cu diets than for pigs fed the low-Cu diets (Table 6 ). These differences were observed during all periods except d 7 to 12. The Cu level effect was only significant ( P < .05) for ADFI during d 1 to 6; however, numerical means were larger for pigs fed high-Cu diets during all periods and was 5.9% larger for the entire 24-d period.
Over the 24-d test, ADFI of restricted-fed pigs was 81% of that of ad libitum-fed pigs (Table 6) ; ADG was also less ( P < .05) because GF was not different. A Cu level x feeding level interaction was observed for ADG dCopper level x feeding level interaction ( P < .05).
eCopper source effect ( P < .05).
fCopper level x copper source interaction ( P < .05). W i t h i n 200 ppm Cu treatments, feeding level effect ( P < ,051 and copper source effect ( P < .05).
Cu lysine.
( P < .05), but not for ADFI ( P = .19) or GF ( P = .95).
The Cu source effect over the 24-d test was The magnitude of the increase due t o Cu feeding was significant ( P < .05) for ADG and ADFI (Table 6) , much greater for the ad libitum-fed pigs than for the and a Cu level x Cu source interaction was significant restricted-fed pigs (16.9 vs 5.9%). This suggests that for ADG ( P < .05). The Cu response on ADG was a major effect of Cu is to stimulate feed intake. much greater for pigs fed Cu lysine diets than for pigs fed Cu sulfate diets. The GF was not different between the Cu sources. If Cu source and feeding level are compared only for treatments fed the higher level of Cu, the Cu source and feeding level effects were significant for ADG and ADFI ( P < .05). Overall and in all periods, the greatest response of ADG and ADFI was observed for ad libitum-fed pigs given the higherCu diet from Cu lysine.
The absolute liver weight was lower ( P < .05) for the restricted-fed pigs than for the ad libitum-fed pigs (Table 7) . The other treatment effects were not significant for the weight of liver, and the absolute weights of brain and pituitary were not influenced by any treatments. After correcting for body weight, the weight of liver was not influenced by any treatment.
The relative weight of brain was higher ( P < .05) for the restricted-fed pigs than for the pigs that had ad libitum access to feed, similar to that observed in the previous experiment. Serum Cu concentration was numerically higher for pigs fed high Cu levels at all sampling days and was only significant ( P < .05) at d 6 and 24 (Table 8) . A lower serum Cu concentration was found in the Cu lysine groups, compared with the Cu sulfate groups, only at d 12 ( P < .05).
In Exp. 2, copper concentration (Table 9 ) in the brain was increased by Cu feeding ( P < .05), which agreed with findings in Exp. 1 (Table 5) . A Cu level x Cu source interaction was observed for brain Cu ( P < .05), which suggests that the concentrations of Cu in the brain of pigs fed Cu lysine were higher than those of the Cu sulfate group only at the high Cu level. The effect of feeding Cu on Zn concentration in the brain was dependent on feeding method, as indicated by a Cu level x feeding level interaction ( P < .05). Feeding Cu increased brain Zn content only when pigs were restricted-fed. Iron concentration in the brain was reduced by restricted feeding ( P < .05). Deposition of Cu in the liver was increased ( P < .05) by feeding Cu; no significant feeding level or Cu source effects were observed. Feeding Cu had no effect on liver Zn but reduced liver Fe concentration ( P < .05). aSix pens (two pigdpen) per treatment means. AL = ad libitum; RS = restricted; CS = Cu sulfate; CL = Cu lysine.
bCopper level effect ( P < ,051.
CCopper level x copper source interaction ( P < .05).
dFeeding level effect ( P < ,051.
eCopper level x feeding level interaction ( P < .05).
fFeeding level x copper source interaction ( P < .05). Serum mitogenic activity of pigs fed the high level of Cu was higher ( P < .05) than that of pigs fed a lowCu diet (Table 10) . Pigs fed Cu lysine had higher serum mitogenic activity than pigs fed Cu sulfate ( P < .05). Restricted feeding greatly reduced serum mitogenic activity ( P < . 0 5 ) . There was a Cu level x Cu source interaction at d 6 ( P < .05), indicating that feeding level may have some impact on Cu-stimulated mitogenic activity, especially in younger pigs. Growth hormone mRNA concentration (Figure 3 ) was numerically ( P = .27) increased by Cu feeding. This increase in GH mRNA was seen with both ad libitum and restricted feeding. Interestingly, restricted feeding tended to increase GH mRNA concentration. No Cu source effect on GH mRNA level was observed. researchers to increase feed intake (Hedges and Kornegay, 1973; Edmonds et al., 1985; Burnell et al., 1988; Kornegay et al., 1989) . Feed intake was found to be enhanced by Cu feeding ( P < .05) in Exp. 1, and the same trend was still present in Exp.
2.
To what extent Cu-stimulated feed intake accounts for growth stimulation has not been experimentally studied. Edmonds et al. (1985) noticed that feed efficiency was not affected by feeding Cu in their experiments, which indicates that increased feed intake accounted for all the growth stimulation. However, an improvement in feed efficiency by feeding Cu, even though not as great as the improvement in growth, has generally been observed (Braude, 1975) . It is important to point out that an increase in feed intake will not only stimulate growth rate, but also improve feed efficiency, because the extra nutrients can be used almost exclusively for growth rather than for maintenance (Pekas, 1985) . Therefore, it is difficult to partition completely the contribution of enhanced feed consumption and feed efficiency to growth.
Equalizing feed consumption of pigs fed diets with Cu to that of control pigs would eliminate any growth stimulation that would otherwise come from an enhanced feed intake and thus demonstrate the role of Cu. In our study, two approaches, pair feeding and restricted feeding, were used to equalize feed intake of pigs fed Cu to that of the control pigs. In Exp. 1, the growth stimulation in the pair-fed/Cu group was much less than that of the Cdad libitum group and did not reach a statistically significant level. The impact of feed intake on growth stimulation was supported by findings in Exp. 2, in which a significant Cu level x feeding level interaction was observed.
Growth Regulatory System and Copper-Stimulated Growth. Stimulating feed consumption, however, does not seem to be the only action of Cu. Growth stimulation, to a smaller extent, was still present even when feed intake was restricted in Exp. 1 and in the Cu lysine group of Exp. 2. Serum mitogenic activity of the pair-fed groups was as high as that of the ad 1ibitudCu group in Exp. 1, suggesting that Cu could also interact with the growth control system exclusive of feed intake. In Exp. 2, feeding Cu stimulated mitogen activity, whereas restricted feeding inhibited mitogen activity. The effect of Cu level and feeding methods was clearly mutually exclusive, because there was no interaction between Cu level and feeding method. Copper feeding also enhanced the GH mRNA level in the pituitary glands of the pair-fed pigs in Exp. 1 and 2. One intriguing hypothesis is that Cu stimulates growth hormone and growth factor synthesis, and thus promotes the ability of pigs to grow. However, the full realization of this growth potential would probably require additional nutrients provided by an increased feed intake. Specific experiments designed to test this hypothesis are needed. LaBella et al. (1973) reported that Cu stimulated the secretion of GH from bovine pituitary implants, and our observation of an increase in growth hormone mRNA levels agrees well with their finding. However, the production of growth hormone is known to be influenced by many factors. The effect of Cu on growth hormone gene expression can be through either direct actions on pituitary cells or indirect actions on the factors influencing growth hormone gene expression. The exact mode of action of Cu needs to be addressed by future experiments.
Copper Lysine as a Growth Promoter. Our experiments support previous observations of others (Coffey et al., , 1993 that Cu lysine is a more effective growth promotant than Cu sulfate. However, conflicting reports can also be found (van Heugten and Coffey, 1992) . In our experiment, Cu lysine seemed to be more effective in promoting growth. Although its chemical nature is unknown, Cu lysine is proposed to COPPER, AND GROWTH 2393 be a Cu chelate with a Cu:lysine ratio of 1:2 (Shugel, personal communication). Copper lysine has been reported to be a more available source of Cu than Cu sulfate for rats (Kirchgessner and Grassmann, 1970) . The additional benefit from Cu lysine seems to be from an increase in feed intake and an increase in growth factor activity. The serum mitogen activity was higher in the Cu lysine groups than in the Cu sulfate groups independent of feeding methods. It seems that the ligand lysine enhances the effect of copper.
Tissue Copper Deposition. Elevated brain Cu concentration has been demonstrated in pigs fed diets containing 280 ppm of Cu (Zhou et al., 1992) or injected with Cu (Zhou et al., 1994a) . Our experiments showed that approximately 200 ppm of dietary Cu was sufficient to induce an elevation in brain Cu content, which indicates that feeding high amounts of copper can potentially affect functions of the brain. Future research that would determine the distribution of Cu in important parts of the brain, especially in the hypothalamus, is needed.
Implications
The stimulation of growth by feeding high dietary Cu in weanling pigs is accompanied by an increase in feed intake, and this increase in feed intake is important for growth stimulation. Pigs with ad libitum access to feed benefit more from copper feeding than restricted-fed pigs. An improved feed efficiency also contributes to the stimulated growth, or vice versa. Our study also indicates that Cu lysine, a new growth promoter, seems to be more effective than Cu sulfate in stimulating growth and feed intake.
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